Purpose: This two-part phase Ib trial determined the maximum tolerated dose (MTD) of the combination of trifluridine/tipiracil (FTD/TPI) and irinotecan in patients with advanced gastrointestinal tumors, and evaluated the safety, pharmacokinetics, and antitumor activity of the FTD/TPI, irinotecan, and bevacizumab triplet combination in previously treated metastatic colorectal cancer (mCRC).
Introduction
Fluoropyrimidines or capecitabine] form the backbone of active combination regimens for metastatic colorectal cancer (mCRC) and are often combined with oxaliplatin, irinotecan, or both (1, 2) . The further addition of targeted agents, such as the anti-VEGF antibody bevacizumab to these regimens has been shown to improve overall survival (OS) in the firstand second-line settings (3) (4) (5) . Despite these advances, many patients develop treatmentrefractory mCRC, for which there are few treatment options.
Trifluridine and tipiracil [FTD/TPI (TAS-102)] is an orally administered cytotoxic agent consisting of trifluridine (FTD), a thymidine analog, and tipiracil (TPI), a thymidine phosphorylase inhibitor (6) . FTD/TPI has a unique mechanism of action that distinguishes it from fluoropyrimidines: FTD is incorporated into DNA, causing DNA dysfunction, and TPI increases FTD bioavailability (7, 8) . In a phase III trial evaluating FTD/TPI versus placebo in patients with mCRC refractory to standard therapies, FTD/TPI achieved a statistically significant improvement in OS versus placebo [hazard ratio (HR), 0.68; 95% confidence interval (CI), 0.58-0.81; P < 0.001; median OS, 7.1 vs 5.3 months, respectively] and manageable toxicity (9) . On the basis of these results, FTD/TPI was approved at 35 mg/m 2 /dose for patients with previously treated mCRC. FTD/TPI also recently received approval for the treatment of metastatic gastric or gastroesophageal junction cancer after two previous lines of chemotherapy (10) .
In preclinical studies involving human colorectal cancer xenograft models, the antitumor activity of FTD/TPI combined with irinotecan or bevacizumab was significantly greater than that of each agent alone (11, 12) . Consistent with these preclinical data, preliminary antitumor activity was observed with the combination of FTD/TPI and irinotecan in patients with previously treated mCRC in an initial phase I study; however, a high rate of grade !3 hematologic toxicities was observed, indicating that further investigation was needed to optimize the FTD/TPI-irinotecan regimen (13) . On the other hand, it was expected that bevacizumab and FTD/TPI would have nonoverlapping toxicities based on prior experience with fluoropyrimidines (3) (4) (5) 14) .
These findings formed the basis for exploring the combination of FTD/TPI with irinotecan and bevacizumab in patients with advanced gastrointestinal tumors, including mCRC, in a two-part, phase Ib dose-escalation/expansion study (ClinicalTrials.gov identifier NCT01916447). The dose-escalation phase examined the safety of the combination of FTD/TPI and irinotecan and characterized the MTD, and the expansion phase further evaluated the safety, preliminary activity, and pharmacokinetics of the combination of FTD/TPI, irinotecan, and bevacizumab.
Patients and Methods

Eligibility criteria
Patients with histologically confirmed advanced gastrointestinal tumors (malignancy of gastrointestinal origin or an adenocarcinoma of unknown primary, likely to be of gastrointestinal origin) were 1 Memorial Sloan Kettering Cancer Center, New York, New York. 2 Vanderbilt-Ingram Cancer Center, Nashville, Tennessee. 3 Northwestern Medicine, Chicago, Illinois. 4 Rutgers Cancer Institute of New Jersey, New Brunswick, New Jersey. 5 Stathmi, Inc., New Hope, Pennsylvania. 6 Taiho Oncology, Inc., Princeton, New Jersey. eligible for enrollment in the dose-escalation phase. Eligibility for the triplet combination in the expansion phase was restricted to those with histologically confirmed mCRC. Patients aged !18 years with an Eastern Cooperative Oncology Group performance status (ECOG PS) of 0 or 1 at baseline who were refractory to at least one line of chemotherapy for metastatic disease and had no curative treatment options were enrolled. Key exclusion criteria included recent major surgery or extended-field radiotherapy (within 4 weeks prior to starting therapy), recent anticancer therapy (within 3 weeks prior to initiating therapy), any unresolved grade !1 toxicities from prior therapies, partial or total gastrectomy, a serious illness or medical condition that precluded safe participation, or active central nervous system metastases. To assess the contribution of the toxicity of FTD/TPI to the FTD/TPI-irinotecan combination, patients with prior exposure to irinotecan were eligible only if they had required no dose reductions or delays in irinotecan during their previous therapy.
The study followed the Declaration of Helsinki and good clinical practice guidelines, and approval was obtained from each institution's review board or an independent ethics committee. All patients provided written, informed consent prior to enrollment.
Study design
This was a multicenter, open-label, nonrandomized, two-part phase Ib study comprising a dose-escalation phase to evaluate the safety and to determine the MTD of the combination of FTD/TPI and irinotecan in gastrointestinal cancers, followed by an expansion phase to further investigate the safety, pharmacokinetics, and preliminary activity of FTD/TPI and irinotecan at the MTD in colorectal cancer with or without bevacizumab. Patients received oral FTD/TPI twice daily on days 1-5 of a 14-day treatment cycle, intravenous irinotecan on day 1 of every cycle at the same time as FTD/TPI, and in the expansion phase, intravenous bevacizumab on day 1 of every cycle before irinotecan. Treatment was administered until RECIST-defined disease progression or clinical disease progression, unacceptable toxicity [adverse events (AEs) leading to more than three dose reductions of FTD/TPI or irinotecan or a dose delay >14 days from the scheduled start of the next cycle], patient request to withdraw treatment, pregnancy, or physician's decision to switch to another cancer therapy.
Translational Relevance
Trifluridine/tipiracil (FTD/TPI), an oral cytotoxic agent, has shown clinical benefit in patients with pretreated, refractory mCRC. This article describes the phase I clinical evaluation of the combination of FTD/TPI, irinotecan, and bevacizumab in patients with advanced previously treated gastrointestinal tumors, including mCRC. The triplet combination was tolerable in patients with mCRC and demonstrated a safety profile consistent with that of the individual agents. No unexpected safety concerns were noted. The triplet combination demonstrated promising antitumor activity, including partial responses, and a majority of patients achieved stable disease. This evidence of efficacy and tolerability in these heavily pretreated patients, half of whom had received four or more previous regimens, supports further investigation of this regimen in mCRC. These results are also consistent with phase I results of other FTD/TPI-containing combination regimens in mCRC. Up to 28 days Up to 30 days
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Treatment continued until a treatment discontinuation criterion was met 14-day treatment cycles a 14-day treatment cycles b 2 DLTs MTD Figure 1 . Study design of the dose-escalation and expansion phases. Dose escalation followed the 3þ3 design to determine the MTD of the FTD/TPI þ IRI combination (FTD/TPI 25 mg/m 2 twice daily þ IRI 180 mg/m 2 ) in patients with advanced gastrointestinal tumors. In the expansion phase, the FTD/TPI 25 mg/m 2 twice daily þ IRI 180 mg/m 2 þ BEV 5 mg/kg triplet combination was administered to patients with mCRC. a FTD/TPI was administered orally at the indicated dose twice daily on days 1-5, followed by a 9-day recovery period from days 6-14; IRI was administered intravenously at the indicated doses at the same time as FTD/TPI on day 1 of each cycle. b FTD/TPI and IRI were administered as in the dose-escalation phase; BEV 5 mg/kg preceded IRI on day 1 of each cycle. BEV, bevacizumab; IRI, irinotecan.
The dose-escalation phase followed a traditional 3þ3 design ( Fig. 1) , in which patients in sequential dose-level cohorts received escalating doses of FTD/TPI (20, 25, 30, or 35 mg/m 2 /dose, administered twice daily) and irinotecan (120, 150, or 180 mg/m 2 /dose). At least three evaluable patients were treated in each cohort, and at least six patients were treated at the MTD. Escalation to subsequent dose levels occurred only after the previous dose level was determined to be safe per protocol. Intrapatient dose escalation was not allowed. The MTD was defined as the highest dose level at which less than 33% of evaluable patients treated had a dose-limiting toxicity (DLT) during cycles 1 or 2 of study drug administration.
The expansion phase was initiated once the MTD was established, and only patients with mCRC received bevacizumab. The first six patients were enrolled in parallel and administered the MTD of FTD/TPI plus irinotecan plus bevacizumab 5 mg/kg. The expansion phase included an interim safety assessment (ISA) to assess safety in the first six patients after two treatment cycles or treatment discontinuation, whichever came first. Additional enrollment of patients into the expansion cohort for treatment with the triplet combination (up to a total of 36 patients) was contingent upon the completion of the ISA and the absence of unexpected safety concerns. In the event of unexpected AEs, another safety evaluation was planned for the next six patients enrolled, and accordingly, treatment was planned to be continued with dose adjustments for bevacizumab or the doublet combination only.
Safety and efficacy assessments
The safety population included all patients who received one or more doses of the study drug. Safety assessments were performed from the first dose until 30 days after the last dose of the study drug. AEs were graded according to the NCI Common Terminology Criteria for Adverse Events version 4.03. A DLT was defined as a cycle 1 or 2 AE that met one of the following criteria: grade 4 neutropenia lasting >7 days; febrile neutropenia, grade 4 thrombocytopenia, or grade 3 thrombocytopenia with bleeding; grade !3 nonhematologic toxicity; grade !3 nausea, diarrhea, or vomiting lasting >48 hours; any study drug-related toxicity resulting in a >2-week delay in initiation of cycle 3; or any study drug-related toxicity preventing the administration of !80% of the planned cumulative dose for cycles 1 or 2. Dosing and dose reductions can be found in Supplementary Materials and Methods.
Response was evaluated using investigator-assessed RECIST version 1.1, with tumor assessments at baseline and every four cycles (8 weeks) for the first 24 cycles or as clinically necessary. Patients who had completed one or more cycles of study medication and had radiologic/clinical progression assessments were evaluable for efficacy.
Pharmacokinetic assessments and analyses
Pharmacokinetic assessments were performed in the first six patients and in at least 12 patients, following the ISA in the expansion phase. Samples for pharmacokinetic analyses were collected on days 1-3 of cycle 1 predose (30 minutes prior to the administration of the first study drug) and postdose (at 30 minutes and 1, 1.5, 2, 4, 6, 8, 10, 24, and 48 hours after irinotecan infusion).
Assessed pharmacokinetic parameters included maximum observed plasma concentrations (C max ), area under the plasma concentration-time curve (AUC) from time 0 to the last measurable plasma concentration (AUC 0-last ) or from time 0 to infinity (AUC 0-inf ), time to C max (T max ), apparent terminal phase elimination half-life (t 1/2 ), oral clearance (CL/F), and apparent volume of distribution (V d /F).
Statistical methods and analyses
Descriptive statistics were used to summarize patient characteristics, efficacy, and safety measurements. Pharmacokinetic analyses used standard noncompartmental models and calculations. Progressionfree survival (PFS) was analyzed using Kaplan-Meier methodology; CIs for median PFS were generated using the Brookmeyer and Crowley method. All data summaries and listings were produced using SAS version 9.1.3 (SAS Institute).
Results
Study population
A total of 50 patients were enrolled between September 24, 2013, and September 8, 2016. Of these, 26 patients [21 (81%) with colorectal cancer, two (8%) with gastric/gastroesophageal junction cancer, two (8%) with pancreatic/biliary cancer, and one (4%) with gastrointestinal cancer of unknown primary] were enrolled into six dose-escalation cohorts, with three to six patients per cohort, and 24 patients (all with colorectal cancer), into the expansion cohort ( Fig. 1) . All 50 patients received at least one dose of the study drug. At data cutoff (March 9, 2017), 42 patients (84%) had discontinued treatment, most frequently as a result of disease progression (n ¼ 35; 70%). The eight patients (16%) for whom treatment was ongoing at the end of the study were in the expansion cohort ( Supplementary Table S1 ).
In the overall patient population (N ¼ 50), the median age was 55.5 years (range, 19-85 years), and the majority (74%) of patients had an ECOG PS of 1 ( Table 1) . Overall, 60% of all patients had received four or more prior regimens for advanced disease, and 84% had previously received irinotecan.
Determination of the MTD
In the dose-escalation cohorts, a total of two DLTs were observed at the highest dose level assessed (dose level 6; FTD/TPI 30 mg/m 2 twice daily and irinotecan 180 mg/m 2 ): one patient developed grade 3 fatigue in cycle 1, and another developed grade 2 neutropenia in cycle 2, which resulted in a >2-week delay in initiating cycle 3. No DLTs were observed at dose levels 1 through 5. On this basis, the MTD for the expansion phase was established as FTD/TPI 25 mg/ m 2 twice daily plus irinotecan 180 mg/m 2 (dose level 5). Bevacizumab was added to this combination at the standard mCRC dose of 5 mg/kg (15) .
Safety
The median duration of treatment was 4.5 months (range, 0.2-14.0) in the overall patient population (N ¼ 50) and 6.6 months (range, 1.5-14.0) in the expansion cohort. In the expansion cohort, 23 of 24 patients (96%) received !80% of the planned target dose of FTD/TPI.
In the combined dose-escalation cohorts (n ¼ 26), all patients experienced one or more AEs of any-cause and 69% of patients experienced grade !3 AEs (determined to be treatment-related in 46% of patients); 27% experienced serious AEs ( Table 2; Supplementary Table S2 ; Supplementary Results). One death because of acute renal failure (not considered treatment-related) occurred in cohort 5 (FTD/TPI 25 mg/m 2 twice daily plus irinotecan 180 mg/m 2 ), and another patient in cohort 6 (FTD/TPI 30 mg/m 2 twice daily plus irinotecan 180 mg/m 2 ) died because of clinical disease progression.
In the expansion cohort (n ¼ 24), all patients experienced one or more all-cause AEs, and 83% experienced grade !3 AEs ( Table 2) ; serious AEs were observed in 38% of patients. Treatment-related AEs of any grade occurred in 96% of patients and grade !3 treatment-related AEs occurred in 67% of patients ( Supplementary Table S2 ). AEs were predominantly hematologic or gastrointestinal-related, with the most frequent all-cause any-grade AEs being neutropenia (in 79% of patients), fatigue (58%), nausea (58%), vomiting (54%), and diarrhea (50%). The most frequently occurring grade !3 AEs were neutropenia (42%), leukopenia (25%), and diarrhea (12%). Most AEs were managed using dosing adjustments: seven patients (29%) had dosing interruptions and four (17%) had dosing modifications because of AEs of anycause. One patient discontinued study treatment as a result of an AE (rectal hemorrhage) that was not treatment-related. At the time of data cutoff, no deaths were reported in the expansion cohort. Overall, no grade 5 AEs related to treatment were reported in this study.
Pharmacokinetics
Pharmacokinetic parameters were evaluated in 18 patients in the expansion cohort following the first dose of FTD/TPI in combination with irinotecan and bevacizumab. After a single dose, FTD and TPI reached maximum plasma concentrations at a mean of 1.22 and 2.73 hours, respectively, and declined with a t 1/2 of 2.32 and 1.85 hours ( Table 3 ). The pharmacokinetic exposure for FTD and TPI in the triplet combination regimen (AUC 0-inf , 5,625 and 372 ngÁhour/mL, respectively) was consistent with data from previous single-agent studies (16) . The C max for irinotecan was reached at a mean of 0.54 hours after dose administration and declined with a t 1/2 of 8.72 hours; AUC 0-inf was 13,054 ngÁhour/mL. 
Efficacy
No objective responses occurred in the dose-escalation phase. As the dose-escalation phase included a heterogeneous population with respect to tumor types and dose levels and bevacizumab was not included in the dosing, efficacy was not reported in further detail for these cohorts.
All 24 patients in the expansion cohort were evaluable for efficacy. Three patients (12%) had confirmed partial responses, two of whom had received previous irinotecan and one of whom was irinotecan na€ ve. Seventeen patients (71%) had stable disease for a median duration of 8.1 months, and 16 (67%) patients had stable disease lasting longer than 4 months. These 17 patients had received a median of four previous systemic regimens, with 16 having received previous irinotecan; one patient was irinotecan-na€ ve. The median PFS was 7.9 months (95% CI, 5.1-13.4 months; Fig. 2 ), and PFS rates at 6 and 12 months were 66% (95% CI, 42-82) and 37% (95% CI, 12-63), respectively.
Discussion
The results of this phase I trial demonstrated that FTD/TPI combined with irinotecan and bevacizumab was tolerable and showed preliminary efficacy in patients with heavily pretreated mCRC. In the dose-escalation portion of the study, two DLTs were observed (grade 3 fatigue and grade 2 neutropenia), and the MTD for the doublet combination was defined as FTD/TPI 25 mg/m 2 (administered twice daily on days 1-5 of a 14-day cycle) plus irinotecan 180 mg/m 2 (administered on day 1 of a 14-day cycle) in patients with heavily pretreated gastrointestinal tumors.
In the expansion phase, bevacizumab was added at 5 mg/kg (on day 1 of the 14-day cycle) to this regimen in patients with previously treated mCRC. The safety profile of the triplet combination, with respect to the types and frequencies of AEs, was similar to that with the doublet combination; any-grade serious AEs were reported in 38% of patients in the expansion cohort and in 32% of patients in the overall population. This finding indicated that the addition of bevacizumab did not result in cumulative toxicity or in new safety concerns. The most common AEs of any-cause and grade were neutropenia, fatigue, nausea, and vomiting, and the most frequently occurring grade !3 AEs were hematologic (decreased neutrophil count and decreased leucocyte count). However, AEs were managed using dosing modifications, including dosing delays and interruptions, and there were no treatment-related AEs leading to the discontinuation of treatment or to treatment-related deaths. These results indicated an overall safety profile that was consistent with that of the individual agents, with no unexpected safety concerns.
The pharmacokinetic assessment of the triplet combination regimen presented no notable changes from the pharmacokinetics of single-agent FTD/TPI or irinotecan. The AUC 0-inf values for FTD and TPI in the triplet combination regimen (5,625 and 372 ngÁhour/ mL, respectively) were similar to those of single-agent FTD/TPI (at 25 mg/m 2 /dose) in patients with solid tumors (4,297 and 222 ngÁhour/ mL, respectively; ref. 16 ). In addition, the mean clearance of irinotecan in the present study (15. Evidence of antitumor activity was noted with the triplet combination in this heavily pretreated patient population, half of whom had received four or more previous systemic regimens. Preliminary efficacy results indicated partial responses in 12% of patients, stable disease in 71%, and a median PFS of 7.9 months in the expansion phase. For reference, in phase III second-line studies conducted in patients refractory to only one regimen for mCRC, FOLFIRI (leucovorin, Varghese et al.
Clin Cancer Res; 26(7) April 1, 2020 CLINICAL CANCER RESEARCH fluorouracil, and irinotecan) plus ramucirumab resulted in an objective response rate (ORR) of 13.4% and median PFS of 5.7 months, whereas FOLFIRI plus aflibercept resulted in an ORR of 19.8% and median PFS of 6.9 months (18, 19) . The results in this study also compare favorably with those from phase III studies of regorafenib versus placebo (CORRECT and CONCUR), which were conducted in similar patient populations (40%-50% with four or more prior treatment regimens). In CORRECT, the median PFS with regorafenib was 1.9 months, with an ORR of 1.0%, and in CONCUR, the median PFS was 3.2 months, with an ORR of 4% (20, 21) . It should be noted that the MTD and dosing schedule of FTD/TPI in this study (25 mg/m 2 twice daily on days 1-5 of a 14-day cycle) differ from the approved monotherapy dose and schedule (35 mg/m 2 twice daily on days 1-5 and 8-12 of a 28-day cycle; ref. 10). The dose and schedule for the triplet combination was selected on the basis of earlier preclinical studies and the results of an initial phase I Japanese study, which evaluated the FTD/TPI-irinotecan combination in 10 patients with mCRC refractory to 5-FU and oxaliplatin (11) (12) (13) . In the Japanese study, patients were administered 40-70 mg/m 2 twice daily FTD/TPI (on days 1-5 and 8-12 of a 28-day cycle) and a fixed dose of irinotecan (150 mg/m 2 on days 1 and 15). However, the standard FTD/TPI dosing schedule resulted in delayed myelotoxicity in that study: although preliminary activity was observed, all patients experienced grade !3 hematologic AEs (13) . On this basis, lower starting doses of FTD/TPI were used in this study, and the FTD/TPI dosing schedule was adjusted to accommodate irinotecan dosing using a biweekly schedule, which maintains the same dose intensity as the standard regimen (28-day cycle). At the recommended dose in the expansion cohort, lower frequencies of grade !3 hematologic AEs were observed, supporting the current dose and dosing schedule.
The results of this study were also consistent with recent phase I reports of other FTD/TPI combinations in mCRC, although FTD/ TPI was dosed at a lower level in the triplet combination than in the other combination regimens (22) (23) (24) (25) . In a phase I/II study of FTD/TPI plus bevacizumab in refractory mCRC, the recommended phase II dose was FTD/TPI 35 mg/m 2 (twice daily on days 1-5 and 8-12 of a 28-day cycle) and bevacizumab 5 mg/kg every 2 weeks (24). Three dose-escalation studies of FTD/TPI and oxaliplatin in patients with previously treated mCRC arrived at a MTD of FTD/TPI 35 mg/m 2 (twice daily on days 1-5 of a 14day cycle) plus oxaliplatin 85 mg/m 2 (on day 1 of a 14-day cycle; refs. 22, 23, 25) . These studies showed manageable safety and preliminary antitumor activity of the FTD/TPI-containing regimens in patients with previously treated mCRC (22) (23) (24) (25) .
The main limitation of this study was the nature of the analysis: this was a nonrandomized study with a small sample size. As only 24 patients were enrolled in the dose-expansion phase, no formal statistical analysis was performed to assess efficacy. In addition, as part of the study design, nearly all patients enrolled in the study had been previously treated with and had tolerated irinotecan. It is unclear whether similar efficacy/tolerability would be observed in a patient population with a higher incidence of irinotecan resistance or without prior exposure; although, it is likely that better responses may be observed in patients without prior exposure to irinotecan.
In conclusion, the results of this dose-escalation/expansion study indicate that the triplet combination of FTD/TPI, irinotecan, and bevacizumab is feasible in patients with mCRC refractory to standard therapies and that further evaluation of this regimen is warranted in this patient population. Given the standard use of bevacizumabfluoropyrimidine-irinotecan chemotherapy combinations in firstline mCRC, these results may also support future exploration of the FTD/TPI-bevacizumab-irinotecan combination in earlier lines of treatment (2, 3, 14) . 
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